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Abstruct: In this paper, U smooth robust time-vurying controller is 
proposed to regulute U servo-system with stick-slip ,friction. The controller 
has the udvuntuge of simultuneously uchieving zero regulating error und 
smoothness of motion. Only a n  upper bound on the muximum stutic 
,friction torque is required ,for controller design. Lyappunov's second 
method is employed to prove the globul asymptotic stubility of the closed- 
loop system. Numericul simulations of reguluting U servo-system with 
,friction are presented us illustrutions. 
1 Introduction 
A wide range of friction compensation techniques have been 
proposed for servo mechanism to perform regulation tasks Conventional 
feedback control methods cannot guarantee satisfactory results In the 
presence of stick slip friction For regulator problems, a traditional PD 
controller will not achieve satisfactory performance because it results in 
a steady-state error The error may be reduced by increasing the 
proportional gain, but high gain controllers have drawbacks, such as 
causing system instability when the drive train is compliant PID 
controllers may provoke the generation of limit cycles, thus resulting in 
motion intermittence [Southward et a1 , 19911 
Adaptive friction compensation schemes have been proposed to 
compensate for imprecisely known nonlinear friction, but they are 
usually based on linearized models or models with linearized 
parameters Robust controllers have been developed to strengthen the 
compensation for nonlinear friction Southward et ul (1991) 
implemented a robust nonlinear compensator for regulation of a single- 
degree-of-freedom object with stick-slip friction, and achieved 
asymptotic stability However, it produces a bang-hang force in the 
region near the desired reference, causing extra acceleration 
disturbances, which are often undesirable The existing robust 
controllers, which can improve the accuracy of steady-state positioning 
under the influence of friction, do not increase the smoothness of motion 
and sometimes even cause the system to expenence more acceleration 
disturbances 
To cope with this problem, Cai and Song (1993) proposed a smooth 
time-invariant robust nonlinear controller for robot manipulators with 
joint stick-slip fnction to perform positional regulation, ensunng smooth 
motion and adjustable steady state error It is the aim of this paper to 
develop a new scheme to effectively compensate stick-slip fnction €or a 
1 DOF servo system performing regulating task and to achieve both 
smooth motion and zero positioning error 
The proposed work employs th proach of vanable structure 
systems, specifically, the method of sliding mode proposed by Slotine and 
Li (1987) In order to force the system dynamics to be trapped onto the 
sliding mode, we use the novel smooth robust controller with a time- 
varying hyperbolic tangent function, which switches around the sliding 
surface in a smooth manner 
The smooth robust controller ensures the global asymptotic stability 
of the closed-loop system, as proved by Lyapunov's direct method 
Numencal simulations of applying the proposed control scheme to a 1- 
DOF DC-motor system show that stick-slip friction can be effectively 
compensated and precision regulation can be achieved 
2 The Friction Model 
A mathematical formulation of the stick-slip friction (denoted by 
zfm ) with some commonly used fnction components IS 
where k,,,, is the coefficient of viscous friction, z, represents the 
maximum static friction torque or break-away torque, 
-T cm (I-e-(T"'Y'))sgn(q) represents the Stribeck effect, and To is a 
positive constant, z, is the input torque, [ 1 - sgn(lql)] z, stands for the 
static friction force whose magnitude is equal to the applied force when 
the object is stationary 
3 System Model 
We consider DC-motor systems with stick-slip friction, since DC- 
motors are the most commonly used precision servo-systems in present- 
day industry Shown in the foilowing is the dynamic model of permanent 
magnet DC-motors 
J,q(t)+wq(t)+ z,, = k,z 
where q( t )  is the rotor angular position, J 
inertia reflected to the rotor axis, R and 
resistance and current, respectively; k,, and 
constant and motor torque constant, respect 
fnction. 
Dividing both sides of Eq (2) by k, gives 
The friction torque 2, in (3) c 
zf = z,lsgn(q)+~~sq-z,(l-e-(T 
where zst, k,,,, and z, are obtained by dividin 
k, respectively. 
Due to uncertainty, fnction parameters i 
exactly for control design. However, ail upp 
breakaway torque zyl is assumed known, 
p > /<I, where T ' ,  excluding the visco 
by 
friction component, is defined 
We define the control errors 
e = q - q d ,  i 
where qd and qd are the desired 
Since we consider a regulator probl 
Also define r and i by 
r = e  i ; le ,  r = e i ;le 
The controller is 
joint displacement, 
disturbance is introduc 
behaviors such as limit c 
t 4 - .  
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Jij+Bq+kvisq = A J q  - 7'- KD r - p  Tanh[(a+ bt)r] 
IJsing (6)  and (7), the above equation can be rewritten to 
Choose the Lyapunov function candidate 
J i + K D r  =-Bq-hisq-a'-pTanh[(a+bt)r] (9) 
V = 3 J r2 + i A K e 2  
where K = B + kvis.  The Lyapunov function candidate is globally 
positive definite, and continuous and differentiable with respect to r and 
time t. 
The derivative of V along the system trajectory (9) is 
V = r J r + e A K d  
= r{-KDr-(B+ kvis)q - 6-pTanh[(a+ bt)r]}+ LKee 
=-KDr2  -Ke2 -XKee+AKee-rd-rpTanh[(a+bt)r]  
< -KDr2 - K e 2  +IrI lz'l- rp Tanh[(a+bt)r] 
= -KDr2 - K  e* -1rI p {  Tanh[(a + bt)lrl] - a}  (10) 
where a=l'x ( O < a < l , s i n c e  p>lz ' I )  
It is clear from (10) that V 5 0 as long as 
{Tanh[(a + bt)lrI] - a}  > 0 (11 )  
1. 2 Y (12) 
Solving the above inequality gives 
(13) y -  1 1+a where 2(a+bt) l n ( R )  ' 
From the result of (1 1) - (13), r converges to a closed ball centered at 
the origin with aradius of y as long as (12) is satisfied. Furthermore, it 
can be easily shown from (13) that as t +  -, y+O.  Hence, as 
t + m ,  V S O ,  and V = O  only when r = O .  Therefore, it can be 
concluded that r asymptotically converges to zero as t -+ m . 
One can show using the definition of r and BIB0 stability properties, e 
and e must converge to zero as t + m, i.e., q + 0 and q -+ qd as 
t -+ m.  Therefore, global asymptotic stability of the position regulating 
system is achieved. 
6 Numerical Simulations 
In order to illustrate the efficacy of the proposed control method, 
numerical simulations of regulating a D C  motor with stick-slip friction 
iare performed . 
Table 1 The values of motor and friction parameters 
J B kv,s 'G To 
1 .o 10 1.5 5 0.8 10 
(kg" )  (N-m-slrad) (N) 'st (N-m-shad) (N) 
'The DC motor is required to move from its initial position y = 0.5 rad to 
the final position q = 0 .  The motor parameters in system model (3) and 
the friction parameters in friction model (4) are listed in Table 1, 
0 0.05 0.1 0.15 0.2 0.25 






Fig. 5 Position error with robust 
control (a=IO, b=10) 
however these values are unknown to control designers. An upper bound 
on the breakaway torque is assumed known and chosen as p = 2 .  
The motor joint friction including Coulomb torque, viscous torque 
and the exponential torque is plotted vs. joint velocity, as shown in Fig. 1. 
For comparison purpose, a PD controller is first used to regulate the 
DC motor. The proportional and derivative gains used here are 
respectively 15 and 1.5. Fig. 2 reveals large positioning error 
(e=O.I3rad) of the PD controller. Fig. 3 explains the cause of large 
error: the PD input torque is not enough to overcome the friction torque 
when the error decreases to 0.13rad. therefore "stiction" happens. The 
history of the PD torque and the friction torque is shown in Fig. 4. 
Figs. 5-8 present the results of using the smooth robust controller in 
place of the PD controller. The A in (8) and KD in (9) are designed to 
be 10 and 1.5 so that the same PD gains as in Fig. 2 are still being used in 
the KDr term of this controller. Fig. 5 shows the control error of the 
robust compensator with relatively small a and b values (a=10, b=10). 
Comparing with that in Fig. 2, the positioning error is greatly reduced and 
it is so good that they cannot be distinguished to graphical accuracy. 
Hence, in Fig. 6 we rescale the figure to be able to observe the small 
error. Simulation data show that e=0.002rad at t=lOs. In the next 
simulation, relatively large values of a and b are used (a=lOOO, b=100). 
Accordingly, the positioning error is reduced, as shown in Fig. 7. 
Simulation data reveal that e=0.00004 rad at f=lOs. More accurate result 
can be achieved by increasing the values of a and b. No chattering is 
observed in Figs. 5-7. Fig. 8 shows that with the robust compensator 
(a=lOOO, b=100) the input torque overcomes the friction torque at much 
lower positioning error when comparing with pure PD control shown in 
Fig. 4. Fig. 8 also shows the input torque is smooth. 
7 Conclusions 
In this paper, a new smooth robust time-varying regulator is 
proposed to regulate a servo-system with stick-slip friction. Compared 
with other regulators, the proposed one promises the following 
advantages: 1. Global Asymptotic stability is guaranteed, therefore high 
positioning precision can be achieved. 2. The smooth control action 
ensures smooth motion, eliminating motion intermittence. 3.  Only the 
upper bound on break-away torque is required for control design, and no 
exactly knowledge of friction is required. The efficacy of the friction 
compensation strategy is also illustrated and verified by a numerical 
example of regulating a DC-motor with stick-slip friction. 
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